This paper presents an experimental and numerical study of transient flow from pressurized flow to open channel free surface flow in a horizontal circular pipe. A one-dimensional (1D) depth-averaged velocity model is developed to study the unsteady flow in mixed pressurized-free surface flow, which can be occurred due to the rapid movement of a gate. The numerical approach is an interface tracking and after finding the interface position, pressure drop is considered at the interface. To evaluate the numerical model performance, some experiments were conducted in a straight circular pipe using water and air as two fluids. In order to generate the undular bore, in some cases a weir was used at the open end of the pipe. The results of the comparisons lead to the conclusion that the pressure drop at the interface is very important. Results also showed that in the case of free overfall, the hydrostatic and Bouussinesq models can reproduce air cavity front shape with reasonably good agreement with experiments.
INTRODUCTION
Flows in pipes are called mixed-flow, when some parts of flows are free surface flows and others are pressurized flows. This transient flow between free surface and pressurized flow can be observed in various systems such as hydropower plants and underground sewer networks. There are various types of flow conditions in transition flows. One of these types of flows is depressurization flow, that produces a shock surface (i.e., depressurization can produce negative surge, that moves toward the pressurized zone). Emptying a full pipe of water can cause a transient flow from pressurized to open channel free surface flow.
The air cavity, which is discussed in this study, is due to sudden opening of one end of a filled pipe. Earlier studies of such kind of flow were implemented by Cola 1) and Benjamin 2) . Many laboratory experiments were conducted since 1960s and have improved the understanding of this kind of air cavity movement in circular pipes. These studies include those of Cola 1) , Benjamin 2) , Alves et al. 3) , and Hager 4) .
Different numerical and experimental studies were performed for this type of flow. Benjamin 2) investigated the properties of gravity currents and cavity velocity in a horizontal circular pipe. Later, Alves et al. 3 ) extended Benjamin's simple approach to the inclined circular pipe and tried to find an approximate approach for the solution of water surface profile equation. Cardle et al. 5) carried out laboratory experiments to investigate the mechanism of transition between free surface flow and pressurized flow in a circular pipe. In their study, different types of transitions between pressurized and free surface flow were examined. Hosoda et al. 6) investigated the propagation of 2D interfaces between open channel free surface flows and pressurized pipe flows numerically.
Several models were developed to simulate the mixed-flow in the circular pipes. Bousso et al. 7) classified these models and explained about merits and demerits of them. Hosoda et al. 8) simulated the Benjamin's flow in horizontal and inclined rectangular ducts using the hydrostatic and Boussinesq models.
The main aims of this study are: (1) investigation of an air cavity intrusion into a pipe and observation of various types of cavities caused by the mode of generation (weir height and gate opening ratio) on a horizontal pipe by conducting experiments, (2) simulation of air cavity front and water surface profile by using a hydrostatic pressure model, and (3) derivation and simulation of air cavity water surface profile using a Boussinesq model for depth greater than radius.
EXPERIMENTAL RESULTS
This paper focuses on air cavity motion into a long horizontal circular pipe. Hence, the experiments were performed in an acrylic pipe, 3 m in length and 0.05 m in diameter. The experimental setup was installed on a horizontal slope. Table 1 presents the ranges of the experiment variables.
One end of the pipe was closed and a sluice gate was placed at the other end of the pipe. The effects of a weir across the outlet were also studied for heights of 0.5D and 0.7D. The motion of an air cavity was initiated by filling the pipe completely with water and then opening the sluice gate (allowed water to flow out of the pipe and air to enter). A schematic diagram of the experimental setup is shown in Fig. 1 .
In all of the experiments, a moving cavity front was observed when water started to flow through the pipe. The characteristics of flow depend on the mode of generation at downstream end. Gravity currents can be classified by the mode of generation as shown in Fig. 2 . In this figure ▼-shaped distance markers were located at intervals of 10 cm along the pipe. In the first case (a), a gate was opened suddenly and there was no weir at the entrance. The density of the water is denoted by ρ, and the cavity was filled with air whose weight was negligible. The velocity of the flow in upstream was zero and flow in downstream was uniform. In the second case (b), the flow of water from the pipe was blocked by a weir located at downstream end of the pipe. The height of the weir in this experiment was one-half of the internal diameter of the pipe. The presence of the weir caused an undular bore to propagate upstream. As Wilkinson 9) described this case for a rectangular duct, in the case of circular pipe we observed that the flow can be divided into three discrete regions. The first region is seen quite near to the air cavity. In this region the level of the air-water interface is seen to vary rapidly, but at a distance of the leading edge of the pipe the interface reached to a uniform level. In the third region, which is behind the bore, flow is nearly uniform and there is no wave (Fig. 2 (b) ). Finally, in the third case (c) the height of the weir was 0.7 of the pipe diameter. Due to increment of weir height, the depth of water in downstream of 
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the bore increased and front of the bore became turbulent. Therefore three flow regimes were observed in our experiments (steady, unsteady and steady dissipative regimes).
ANALYSIS
A schematic description of the physical model for the cavity velocity in a horizontal pipe is given in Fig. 3 . Following Benjamin 2) and moving with air cavity, continuity, momentum and Bernoulli equations can be written for a circular pipe. A frame that moves with cavity velocity in the steady flow with a free boundary, was explained in the case of (a), is used to predict this velocity. The continuity, momentum, and the Bernoulli equations for this case are:
Here, the subscripts 1, 2, and 3 refer to regions of flow upstream, downstream of the front, and downstream of the bore, respectively. A is the area of flow, U is the mean velocity, P is the pressure, D is the pipe diameter, r is pipe radius, h is the depth of flow, and S is stagnation point. After eliminate P B -P A from Eqs. (2) and (3), and some reduction, two following equations are obtained:
The dimensionless parameters which are used in Eqs. (4) and (5) are given by:
where σ is the surface tension and r´ is the radius of interface curvature at the stagnation point. 
NUMERICAL MODEL (1) Derivation of Boussinesq model
Derivation procedure for h < r was explained by Exp. Cavity-Eq. 5 Bore-Eq. 7 Cavity-Eq. 8 Fig. 5 . The depth-averaged continuity equation in this case is followed by:
The velocity in y-direction is obtained by integrating of continuity equation (Eqs. (9a) and (9b)) from l to y.
Substituting Eq. (10) into the continuity equation and integrating from z to z u in z-direction, the velocity in z-direction can be written by Eq. (11). 
Substituting Eq. (11) into the equation of motion in z-direction and integrating from z to z u , the pressure distribution is as follows: 
Fig.5 Variables definition for Boussinesq equation (h > r).
The cross sectional integral of pressure for depth more than radius is calculated by integrating of Eq. (12a) over a circular cross-section as Eq. (13). 
where h is the depth, x is the spatial coordinate, t is the time, u is the cross-sectional averaged velocity, Q is the discharge, A is the cross-sectional area, D is the pipe diameter, P D is the pressure at the top of pipe, τ bx is the x-component of wall shear stress vector, 2 u′ is the turbulence intensity, R is the hydraulic radius, ρ is the density of water, g is the gravitational acceleration, and θ is the bottom slope of the pipe. It should be noted that, in Boussinesq model we added Eq. (13) into the momentum equation of free surface flow. The wall shear stresses are evaluated by the Manning's formula. Eqs. (23) and (24) are applied to the pressurized flow region to calculate velocities and pressures, by using the HSMAC method for the incompressible fluids 11) . The momentum equation at the interface C (Fig. 6) is derived as Eq. (25) 
In order to calculate the pressure drop at the interface, the following equations are used to calculate the velocity and the pressure. 
NUMERICAL RESULTS
The above numerical procedure was applied to the unsteady flow with 1D propagation of an interface in a horizontal circular pipe. Initial and boundary conditions of the experiment without weir at downstream end were applied to simulate the air cavity front in the pipe. The time interval ∆t = 0.0005, and spatial mesh size ∆x = 0.01 were used for simulations. The Manning's number in this study was n = 0.01. Fig. 7 shows the pressure head and water surface profile for t = 2 s after removing the end gate for the experiment without weir. The pressure head profile in the pressurized part shows good distribution. In this study for clearance of depth boundary condition in the case of without weir, we examined the both zero gradient and critical depth conditions for simulations. = in which Q is the discharge at the critical depth, y c is the critical depth, and B c is the water surface width at the critical depth. Fig. 9 shows the simulation results with the critical depth condition for our experiment with w = 0. The results showed very good agreement with the experimental data at downstream boundary. Moreover, comparison of experimental and numerical results showed that Boussinesq model can reproduce better air cavity water surface profile and also downstream part of the cavity with small undulation. 
CONCLUSIONS
One-dimensional transient flow with propagation of an interface between the open channel free surface flow and the pressurized pipe flow has been studied experimentally and numerically in this paper. The comparisons of numerical results with the experimental data lead to the following conclusions: (1) Theoretical analysis showed a good agreement with the experimental results. (2) The numerical simulation results showed that in order to reproduce the air intrusion in the pipe, it is necessary to consider the pressure drop at the interface. (3) It should be pointed out that the model is applicable to simulate the hydraulic transients in a horizontal circular pipe. (4) In the case of circular cross-section and without weir, although the results showed that the both hydrostatic and Boussinesq model can reproduce the air cavity front shape, but the non-hydrostatic had better agreement with the experimental data.
For further researches authors will implement this model for more cases such as inclined pipe case and simulation of undular bore caused by using a weir at the open end of the pipe. 
